A simple pixel structure using a video data correction method is proposed to compensate for electrical characteristic variations of driving thin-film transistors (TFTs) and the degradation of organic light-emitting diodes (OLEDs) in active-matrix OLED (AMOLED) displays. The proposed method senses the electrical characteristic variations of TFTs and OLEDs and stores them in external memory. The nonuniform emission current of TFTs and the aging of OLEDs are corrected by modulating video data using the stored data. Experimental results show that the emission current error due to electrical characteristic variation of driving TFTs is in the range from À63:1 to 61.4% without compensation, but is decreased to the range from À1:9 to 1.9% with the proposed correction method. The luminance error due to the degradation of an OLED is less than 1.8% when the proposed correction method is used for a 50% degraded OLED. #
Introduction
Low-temperature polycrystalline silicon (LTPS) thin-film transistors (TFTs) are among the most fascinating devices used as the backplane of active-matrix organic light-emitting diode (AMOLED) displays because of their higher mobility and stability than hydrogenated amorphous silicon (a-Si:H) TFTs. 1) However, there is a problem of nonuniform luminance due to the electrical characteristic variations of polycrystalline silicon (poly-Si) TFTs because the TFT is used as the current source circuit in a pixel 2) and the luminance of the OLED is proportional to the current density flowing through the OLED device. 3) To overcome this problem, many driving methods have been proposed. [4] [5] [6] [7] [8] [9] [10] A voltage programming current mirror (VPCM) pixel structure 4) was proposed, in which mirroring TFTs were used to compensate for the threshold voltage variations of driving TFTs; however, the threshold voltage variations of driving TFTs could not be compensated for properly because the threshold voltages of the mirroring TFTs were different even though they were located close to each other. A voltage programming current source (VPCS) pixel structure 5) was proposed, in which a self-threshold voltage compensation technique was used to remove the threshold voltage mismatch problem of mirroring TFTs. By using the diode connection of the driving TFT and capacitor for storing threshold voltage, the VPCS pixel structure could compensate for the threshold voltage variations of driving TFTs. However, VPCM and VPCS pixels could not compensate for the mobility variations of driving TFTs. A current programming current source pixel structure 6) was proposed to compensate for both the threshold voltage and mobility variations of driving TFTs, but it suffered from a long data charging time due to the large parasitic capacitance of the data line and the very low programming current at low gray levels. A current programming current mirror pixel structure 7) and a current programming method with voltage boosting 8) were proposed to overcome the long data charging problem by increasing the programming current level. The current programming current mirror pixel structure controlled the channel-width to channel-length ratio of mirroring TFTs to scale down high-level programming current to low-level emission current, but the mismatch of the electrical characteristics of mirroring TFTs caused further error in emission current. The current programming method with voltage boosting programmed high-level current and scaled it down to low-level emission current using capacitive coupling, but the simple voltage boosting technique used caused the further error in emission current because the emission current is not proportional to the boosting voltage. The current sensing voltage feedback method 9) and voltage programming method with transimpedance feedback 10) could compensate for the threshold voltage and mobility variations of driving TFTs and overcome the long data charging time, but the pixel structures and driving methods were too complex.
Not only the electrical characteristic variation but also the degradation of the OLED device causes serious problems in image quality in AMOLED displays.
11) The resistance of the OLED is increased and the current-to-luminance efficiency of the OLED is decreased as the OLED is degraded.
12) The OLED of each pixel ages differently because the luminance of each pixel depends on the display image. The luminance of OLEDs in frequently used pixels is lower than that of OLEDs in rarely used pixels because of the differential aging phenomenon of OLEDs. To realize an AMOLED display with high image quality, the threshold voltage and mobility variations of driving TFTs and the differential aging phenomenon of OLEDs must be compensated for at the same time. The optical feedback method 13) is a good approach for this, but the problems are that the nonuniform luminance cannot be compensated correctly due to the nonuniform luminance sensitivity of photo-TFTs from pixel to pixel and the interference of the light of the neighboring pixels.
The external compensation method 14) was used to sense and memorize the electrical characteristics of TFTs and OLEDs using an analog-to-digital converter (ADC) and compensate for them by modulating the data voltage level. This approach is good, but the pixels in this method still require many TFTs. A simple pixel structure using fewer TFTs is necessary to achieve a high yield of the panel and a high aperture ratio. Nowadays, high-resolution displays require several million pixels per panel, and if one pixel consists of 4 TFTs, 24,883,200 TFTs are required for a panel with the resolution of the high-definition television (HDTV) format. The failure of just one TFT among these could cause the failure of the entire display panel because people are likely to notice even a single dead pixel on the screen. In this study, a simple pixel structure with a video data correction method is proposed and the compensation capability of the proposed pixel structure is verified by experimental results. Figure 1 shows a schematic diagram of the proposed pixel structure and a block diagram of the driver IC for the proposed correction method. The proposed pixel consists of only three TFTs and one capacitor. P1 is used as a current source circuit for driving the OLED. P2 and P3 are used as switching TFTs, and C1 is used as a storage capacitor to hold the gate voltage of P1 during a frame time. Driving of the proposed pixel can be divided into three steps, one for sensing the electrical characteristics of driving TFTs, another for sensing the degradation of OLEDs, and the display operation step. The step for sensing the electrical characteristics of driving TFTs and the step for sensing the degradation of OLEDs are performed during nondisplay time, such as during turn-on or turn-off times of the display system, but are never performed during the display operation.
Proposed Pixel Structure with Driving Circuits
During the step for sensing the electrical characteristics of driving TFTs, two levels of drain voltage of P1 for each pixel are sensed and memorized in the external memory. First, the voltage of the cathode node of OLED in pixel (ELVSS) in Fig. 1 becomes high as shown in Fig. 2(a) and the OLED of every pixel on the panel turns off because the applied anode to cathode voltage of every OLED is lower than the turn-on voltage of the OLED. Then, the voltages of the scan and sense signals become low and P2 and P3 turn on because they are p-type TFTs used as switches. When the sw1 switch turns on, ð1=256ÞI MAX flows from ELVDD through P1, P3, the data line, and sw1, where I MAX is the maximum level of current required to make the luminance of the OLED reach the maximum target level. When P1 operates in the saturation region, the drain current of P1 (I D,P1 ) can be expressed as
where P1 , C ox , (W=L), V G,P1 , and jV thP1 j are the mobility, the gate capacitance per unit area, the channel-width to channel-length ratio, the gate voltage of P1, and the threshold voltage of P1, respectively. Because I D,P1 is equal to ð1=256ÞI MAX , the gate voltage of P1 (V G,P1(1) ) can be expressed as (1) is sensed and digitalized using the ADC and memorized in the external memory. When sw1 turns off and sw2 turns on, I MAX flows from ELVDD through P1, P3, the data line, and sw1. The gate voltage of P1 during this time (V G,P1(2) ) can be expressed as (2) is sensed and digitalized using the ADC and memorized in the external memory. The waveform of Fig. 2(a) is sequentially applied to each line of the pixel array on the panel, and V G,P1 (1) and V G,P1(2) of every pixel are sensed and memorized in the external memory. During the step for sensing the degradation of OLEDs, the degradation percentage of the OLED in each pixel is sensed and memorized in the external memory. First, the voltage of the ELVDD node becomes low and P1 in every pixel on the panel turns off. P3 and sw3 turn on, and I ref flows through sw3, the data line, P3, and the OLED to ELVSS. The anode voltage of the OLED is sensed and digitalized using the ADC. It is shown in Fig. 3 that the anode voltage of the OLED increases as the luminance of the OLED decreases owing to the aging effect. During the display operation, the OLED in each pixel is stressed differently because different gray levels are applied from pixel to pixel. However, even though the OLED in each pixel is stressed differently, the anode voltages of the OLEDs show a similar level when the same reference current is applied to the OLEDs. Therefore, if we have a look-up table of the measured data of During the display operation, the voltage of the ELVDD node becomes high, and the voltage of the ELVSS node becomes low. ADC is disabled, sw1, sw2, and sw3 turn off, and sw4 turns on. The video signal is modulated using the memorized V G,P1 (1) , V G,P1 (2) , and to compensate for the electrical characteristic variations of P1 and the degradation of the OLED in each pixel. The modulated video signal can be expressed as
where i, n, and are the selected gray levels from the applied video signal, the total number of gray levels, and the parameter to control the gamma curve of the emission current, respectively. The scan voltage becomes low and P2 turns on. The modulated digital video data is changed to an analog voltage using a digital-to-analog converter (DAC) and programmed to the gate node of P1 through the unit gain buffer, sw4, the data line, and P2. When the scan voltage becomes high, P2 turns off, and C1 holds the gate voltage of P1 during a frame time. At this time, the emission current (I emission ) can be expressed as
It is shown that I emission does not depend on the threshold voltage or the mobility of P1, and the luminance degradation of the OLED is compensated by a factor of 100=ð100 À Þ. Figure 4 shows a photograph of the fabricated test pixel in the proposed method without an OLED. Excimer laser annealing (ELA) is used for crystallization of TFTs. For the design of the test pixel, a 20-in. ultra-extended graphics array (UXGA) resolution format panel is assumed. Figure 5 shows a block diagram of the measurement setup. OLED test cells are separately fabricated and attached to the output node of the test pixel shown in Fig. 4 to separately analyze (4), and the analog data voltage is applied to the gate of P1 using the parameter analyzer. The minimum quantization step of analog-todigital and digital-to-analog conversions is 1 mV. The anode of the OLED cell is connected to the output node of the test pixel. A low ELVSS voltage is applied to the cathode of the OLED, and the emission current is measured using the parameter analyzer. To observe the compensation of the degradation of the OLED, a photometer is used to measure the luminance of the OLED device.
Fabrication and Measurement Setup

Experimental Results and Discussion
Figures 6(a) and 6(b) show the measured emission current of the test pixels with and without the proposed correction method, respectively. The emission current error range without the compensation is from À63:1 to 61.4%, as shown in Fig. 6(a) , owing to the variation of electrical characteristics of driving TFTs. The error range is from À1:9 to 1.9% with the proposed correction method as shown in Fig. 6(b) .
The uniformity of the emission current is markedly improved, but there still remains some error. This is because the actual I-V curve of the TFT does not exactly comply with eq. (1). Figures 7(a) and 7(b) show the measured luminance of 0 and 50% degraded OLED cells without and with the video data correction, respectively. The maximum luminance error with respect to the gray level is decreased from 50.0 to 1.8% when the proposed correction method is used. It is shown that the degradation of the OLED is also well compensated for by the proposed method. The remaining 1.8% error is because the degradation percentage of the luminance curve does not have a perfectly linear relationship with the emission current at whole gray levels.
Conclusions
A simple pixel structure with a video data correction method is proposed to overcome the nonuniform luminance problem due to the electrical characteristic variations of driving TFTs and the degradation of OLEDs in AMOLED displays. The proposed pixel consists of only three TFTs and one capacitor. Experimental results show that the error range of emission current is from À63:1 to 61.4% without compensation, but is from À1:9 to 1.9% with compensation. The proposed pixel also decreases the luminance error due to the OLED degradation from 50 to 1.8%. The proposed pixel structure not only improves the yield of the panel and the aperture ratio of the pixel owing to the small number of TFTs in the unit pixel but also compensates for the threshold voltage and mobility variations of driving TFTs and the degradation of OLEDs. As a result, it is expected that the proposed pixel structure is applicable to AMOLED display applications with high image quality.
